Nanostructured biomaterials with controlled morphology and composition are of high interest for bone tissue regeneration. As resorbable and biocompatible materials for bone tissue engineering, calcium phosphate nanowires and nanoneedles with different aspect ratios and compositions have been first synthesized without the use of any toxic surfactants via an energy efficient microwave assisted process.
Introduction
An ever aging and expanding population have led to increasing cases of bone disease and fractures. The new generation of nanostructured biomaterials with controlled morphology and composition are of great interest in the development of bone tissue engineering, which is of high importance in meeting this increasing demand on the modern healthcare system.
Dimensionality is an important factor in controlling nanomaterial properties. Specically, one-dimensional materials have attracted intense interest due to their unique physical and chemical properties, including enhanced mechanical and biological functionality, which endow them with great potential for biomedical technologies. Generally, selectivity of nano/microparticle morphology is achieved through template-directed growth methods, using surfactants, ligands or solid membrane templates. The conventional solvothermal technique, for example, offers an effective route for the production of morphology controlled calcium phosphate materials in the presence of templates or surfactants.
1-3 However, there is concern that using templating materials during conventional solvothermal synthesis may result in unwanted organic residues being incorporated into the nal products. 1, 4, 5 Furthermore, these processes require lengthy reaction times of many hours.
monetite, is a bioresorbable member of this group of bioactive materials, thus possessing a higher aqueous solubility and a greater in vivo degradation rate when compared to other commonly used calcium phosphate phases. 8 The potential of monetite as a biomaterial for bone tissue regeneration has recently been highlighted by a series of in vitro, animal and human studies. 8, 9 Hydroxyapatite (HA) is a highly bioactive calcium phosphate biomaterial possessing very low solubility that has been widely reported as a bone gra substitute and as an implant coating. Combining the more stable phase of HA with the more soluble phase monetite produces a biphasic calcium phosphate ceramic, a class of biomaterials that has received much attention recently due to the potential for control over bioresorbability afforded by these compounds, 10 thus making a biphasic material of HA and monetite an ideal candidate for bone tissue regeneration.
Wire-like calcium phosphate materials are attractive for mechanical reinforcement in fabricating biocomposites due to their excellent mechanical properties.
11 In polymer composites the diameter and aspect ratio of the calcium phosphate nanoparticles will determine the strengthening effect, with high aspect ratio nanoparticles being the ideal ller material.
12,13
Moreover, osteoblast cells are sensitive to surface composition, energy and roughness.
3 Therefore, there have been many reports on attempts to control the size, shape and composition of calcium phosphate nanomaterials. 6, 14 Recently, the synthesis of HA nanowires using hydrothermal processing without the use of morphology controlling agents was demonstrated by Costa et al. 12 however, their system used a relatively lengthy solgel-hydrothermal combination methodology and had less control over the material phase. Microwave heating is characterised by rapid, volumetric and differential heating, allowing for better reaction control that has been shown to give altered morphologies, 15 increased yields, greater purity, and considerably reduced synthesis times. 16, 17 The employment of microwave dielectric heating to the hydrothermal/solvothermal method is an emerging technology that offers many advantages for the synthesis of morphology and size controlled calcium phosphate materials in the absence of template or surfactant materials, as we reported recently for the synthesis of porous monetite nanoplates and nanorods.
15
In this study, a facile microwave-assisted chemical method using a mixed solvent system was employed to prepare both phase and morphology-controlled single and biphasic calcium phosphates without the use of additional surfactants, in effect producing samples that can be directly utilised in vivo without pretreatment. The underlying mechanism was discussed based on the material characterisations.
Materials and methods

Synthesis
Material preparation followed a two step process. Initially two aqueous solutions of the same volume of Ca(NO 3 ) 2 $4H 2 O (Sigma) and H 3 PO 4 (Sigma) were prepared. Then, at room temperature and standard atmospheric pressure, the H 3 PO 4 solution was added drop-wise to the Ca(NO 3 ) 2 $4H 2 O solution, aer which a predetermined volume of ethanol (EtOH) was added to the mixture. The total volume of the reaction solution was xed at 60 ml, but the volumetric ratio between the EtOH and water was adjusted, as given in Table 1 . This clear reaction mixture was then transferred to a Kevlar reinforced sealed PTFE container and irradiated in a microwave solvothermal process to 200 C using a predetermined temperature ramp and time programme. The microwave accelerated reaction system used (MARS, CEM) automatically adjusts the output power in order to maintain a steady temperature and pressure prole. A ramping time of 25 minutes and a hold time of 60 minutes were used in all cases. The product suspension was then transferred to a centrifuge whereby the solid product was separated, washed several times with water and EtOH, and then dried in an oven at 60 C overnight.
Characterisation
The X-ray diffraction (XRD) patterns of samples were obtained using a Bruker D4 Advance Powder X-ray diffractometer with a CuKa (l ¼ 0.1541784 nm) radiation source. Diffraction patterns were collected from 10 to 60 , with a step size of 0.02 and 4
seconds acquisition time per step. XRD data analysis and compilation were carried out using the BrukerÒ TOPAS 3 platform. Due to the complex structure of monetite, an alternative two step renement strategy was devised based on the whole powder pattern decomposition (WPPD) method, 18 followed by a simplied Rietveld method, 19 to account for preferred orientation on the (002) and to quantify the fraction of each phase. Lattice parameters obtained from previous WPPD renement were taken as starting points for subsequent Rietveld rene-ment. Atomic parameters of monetite and hydroxyapatite were taken from ref. 20 and 21 respectively and were not rened. The modied Thompson-Cox-Hastings pseudo-Voigt function was used to model the peak shape throughout the renements. Material size and shape were observed using a JEOL JSM-7401F eld emission-scanning electron microscope operating at 3-10 kV. Materials were observed in powder form, and due to the low conductivity of the inorganic samples, they were coated with a thin layer of Au nanoparticles to improve the image quality.
Results
Effect of H 2 O/EtOH volumetric ratio
For the synthesis of calcium phosphate nanowires and nanoneedles, a dual solvent system of EtOH and water was utilised. The initial search-match comparison of the XRD patterns of materials produced using varied EtOH/H 2 O ratios against a standard monetite reference pattern (JCPDS 70-1425) reveals the presence of crystalline monetite in all cases ( Fig. 1) , with the major peaks at 2q ¼ 13.1, 26.4, 30.2, and 40.0 corresponding to the monetite (001), (002), ( 120), and (003) reections, respectively. Importantly, materials W20E80, W40E60, W60E40, and W80E20 have a relative XRD intensity ratio between the peaks corresponding to the (002) and ( 120) (selected as neutral reference) diffraction planes of around 0.9, 3.8, 12.6 and 139, respectively, compared to 1.1 for the standard pattern. This trend of more profound (002) preferred orientation as the H 2 O/ EtOH ratios increase is supported by the renement results (see ESI, Table S1 †), and suggests a preferential growth orientation with an increased expression of {00l}. This preferred orientation observation is also corroborated from the electron micrographs of the samples (Fig. 2 ), which show a transition from three dimensional to one dimensional growth with an increase in the H 2 O/EtOH ratio, leading to the formation of nanowires (W80E20) or nanoneedles (W60E40). Table 2 shows the phase composition of the materials obtained by XRD data renement when the volumetric ratio of solvents H 2 O/EtOH is varied. W20E80 contains almost entirely monetite with 2.4 wt% HA. In contrast, W60E40 and W80E20 show a signicant amount of HA (JCPDS 09-432) in conjunction with monetite, calculated to be 37.6 and 28.0%, respectively ( Table 2 ). It is apparent that the amount of monetite is reduced with an increase in H 2 O volume in the solvent composition. These results demonstrate the potential for control of calcium phosphate material composition using EtOH as a co-solvent.
SEM micrographs further reveal the changes in material morphology using different H 2 O/EtOH solvent ratios (Fig. 2) . It can be seen that W20E80 (Fig. 2a) is a mix of various polyhedra of dimensions ca. 811 nm AE 317 nm Â 593 AE 181 nm, resulting from three dimensional growth. Material W40E60 displays a plate and cube-like morphology with larger dimensions ca. 10.2 mm AE 5.4 mm Â 4.4 mm AE 2.3 mm (Fig. 2b) representing a mixture of two and three dimensional growth. The wire/needlelike morphology displayed by-products W60E40 and W80E20 ( Fig. 2c and d) implies that a highly directionally selective growth regime was realised with reduced EtOH volume in the solvent composition. W60E40 (Fig. 2c) has a wire or needle-like morphology of dimensions ca. 4.4 AE 2.4 mm Â 231 AE 142 nm (aspect ratio ca. 19); W80E20 has a nanowire morphology of dimensions ca. 4.9 AE 1.5 mm Â 83 AE 26 nm (aspect ratio ca. 54). The higher aspect ratio for the nanowire material W80E20 compared to W60E40 correlates with a reduction in three dimensional growth towards increasing one dimensionality with a reduction in EtOH volume. It is therefore observed that a reduction in EtOH volume facilitates an increase in one dimensional preferred growth orientation and reduced multidimensional particle growth.
Effect of changing the point of EtOH addition in the mixing procedure
To ascertain the effect of the presence of EtOH during the solution mixing process, the nanowire experiment (W80E20) was repeated with variation to the mixing procedure. In this different methodology instead of adding the EtOH aer mixing of the H 3 PO 4 and Ca(NO 3 ) 2 $4H 2 O aqueous solution, EtOH was equally added to the individual aqueous precursor solutions before mixing (this material was assigned the code W80E20-B). The XRD pattern (Fig. 3) of the W80E20-B material shows the presence of both HA and monetite phases. The proportion of monetite in W80E20-B was calculated to be close (72%) to that for W80E20 (the low relative intensity of peaks corresponding to HA is due to the large degree of growth orientation with an increased expression of {00l} for monetite in W80E20), further implying that EtOH favours the production of monetite in comparison to HA. Interestingly, a 46% reduction in (002) preferred orientation was observed for W80E20-B compared to W80E20 (see ESI, Table S1 †) suggesting a relative reduction in the expression of {001} (Fig. 3b) . This observation is in agreement with the SEM study of this material (Fig. 4) . SEM micrographs of W80E20 and W80E20-B materials show that W80E20-B is also the product of highly 1D growth displaying a needle/wire morphology ( Fig. 4b ) and dimensions ca. 5.4 AE 2.5 mm Â 252 AE 21 nm. However, the increase in particle width and reduced aspect ratio (ca. 22) for W80E20-B (Fig. 4b ) compared to W80E20 (aspect ratio of ca. 54, see Fig. 4a ) suggests an increase in 3D growth when EtOH is added before reagent solution mixing.
Effect of Ca/P molar ratio
One dimensional calcium phosphate materials were also synthesised using different Ca/P molar ratios in the precursor mixture, with the composition of the reaction solvent consistent with that of W80E20. The XRD patterns of materials obtained with Ca/P ratios of 1.4 (W80E20) and 1.67 (this material was assigned the code W80E20-1.67) are shown in Fig. 5 . A ratio of 1.4 was selected as it lies midway between the theoretical Ca/P molar ratio of monetite and that of HA in order to target a biphasic mixture, and 1.67 as it is the stoichiometric ratio for pure HA. Both products obtained with different Ca/P ratios contained crystalline monetite (JCPDS 70-1425) and HA (JCPDS 9-432) phases ( Fig. 5a and b) . However, the composition of W80E20-1.67 was calculated to contain a signicantly larger proportion of HA (91.5%) compared to W80E20 (28.0%). This result ts with what would be expected for these materials due to HA having a higher Ca/P molar ratio of 1.67 compared to 1 for monetite, and indicates that the composition of these biphasic 1D calcium phosphate materials can be controlled by varying the Ca/P ratio of the starting materials. SEM micrographs of the products obtained by varying the Ca/P stoichiometric ratios of the starting materials (Fig. 6) show that this parameter also has an effect on the morphology of the resultant material. The resultant product obtained by using a Ca/P ratio of 1.67 had a wire/needle morphology but a smaller aspect ratio (ca. 30) with dimensions of ca. 4.6 AE 2.4 mm Â 154 AE 93 nm compared to when a Ca/P ratio of 1.4 was used (aspect ratio ca. 54), correlating with a small reduction (9%) in (002) preferred orientation (see ESI, Table S1 †). 
Discussion
The XRD data showed that the formation of HA increased with an increase in H 2 O volume fraction, correlating with HA being the most stable phase in H 2 O. However, no solid product was formed when 100% H 2 O was used (W100E0), implying that under purely aqueous conditions both monetite and HA have a very high solubility; this is expected given the relatively low reaction pH used (ca. 2.5). The formation of HA was observed only in the presence of ethanol, which corroborates reports that dilution with EtOH can decrease the solubility of HA and induce the formation of apatites in mixed H 2 O/EtOH systems.
22
Conversely, at high fractions of ethanol, monetite was mainly observed accompanied by a decreasing HA formation rate, resulting in the formation of a pure crystalline monetite phase when EtOH was solely used (reported by us previously). 15 The increased rate of monetite formation when large EtOH volumes are used could be explained by the reduced solubility of this phase in non-aqueous conditions.
The size and aspect ratio of the materials produced were also highly dependent on the quantity of EtOH used as a co-solvent, Ca/P stoichiometric ratio of reactants, and point of addition of EtOH in the reagent mixing procedure. Generally the shape of inorganic nanoparticles is controlled by the presence of polymers, surfactants or chelating agents. In the present system rapid energy input and high-pressure conditions fostered through microwave heating produced crystalline nuclei that grew to form calcium phosphate nanoneedles and nanowires when high H 2 O/EtOH solvent volumetric ratios were used. Peng et al. introduced a shape evolution growth mechanism for CdSe nanocrystals, which showed that diffusion-controlled 1D growth can occur under conditions of a higher chemical potential of monomer (precursor species) in the solution to that of the unique surface of the nanoparticles. 23, 24 A recent study by Costa et al. reported one dimensional hydrothermal growth of HA nanowires, in which a similar diffusion-controlled mechanism was used to describe the shape evolution process of HA crystals with varying chemical potential of the solution.
12 These arguments suggest that a high chemical-potential environment and an anisotropic crystal structure are key to orientated growth.
In our system, the observed morphology evolution could also be explained by this theory (Scheme 1). Here, the strong EtOH volume relation with the length and aspect ratio of the products is due to the sensitive inuence of the EtOH/H 2 O ratio under microwave heating conditions on the concentration of the solute species ([Ca 2+ ] and [HPO 4 2À ]) in the crystal growth phase.
The concentration of solute species remaining in solution aer nucleation is governed by the number of nuclei formed, with a relatively small number of nuclei desirable for elongated growth. Lerner et al. suggested that ethanol can cause weakening of the bonds in the water structure and disrupt the interaction of water molecules with calcium cations, lowering the energy barrier to deaquation and hence facilitating nucleation of the most stable calcium phosphate species. 25 Also, the interaction between EtOH and microwave radiation (dielectric loss) is stronger than that between water and microwave radiation; the addition of EtOH is thus known to increase the dielectric loss (heating effect) of an aqueous medium and to induce the fast formation of calcium phosphate nuclei.
Therefore, it is proposed that this increase in nucleation rate due to EtOH addition can explain the 3D growth that is more obvious when larger EtOH volume fractions are used (W20E80 and W40E60), as the large number of nuclei produced will lead to a low precursor (solute) concentration and chemical potential in the growth stage, leading to three dimensional growth (Scheme 1(i)). Inversely, when small EtOH fractions are used (W60E40 and W80E20), the nucleation rate will be lower, leading to a reduction in the number of nuclei formed, and an associated increase in solute concentration and chemical potential in the growth stage, leading to one dimensional growth (Scheme 1(iii)).
The results suggest that both ethanol and microwave play a critical role in controlling the morphology of calcium phosphate materials. Therefore, it is hypothesised that if the point of ethanol addition is changed from aer mixing of the precursor solutions to before mixing of the precursor solutions (material W80E20-B), this deaquation process would be enhanced; hence when nucleation takes place as the mixture is treated under microwave assisted solvothermal conditions, the nucleation rate will be slightly higher, thus causing a reduction in chemical potential of the growth environment leading to increased 3D growth, and a reduction in the product aspect ratio (Scheme 1(ii)). In the case where a higher Ca/P stoichiometric ratio of reagents is used, the increased presence of excess free Ca 2+ would shi the chemical equilibrium leading to increased nucleation. This could explain why the nanobres had a reduced aspect ratio when an elevated Ca/P ratio was used (Scheme 1(ii) ).
This mechanism suggests that 1D or 3D growth stages may be captured by maintaining the chemical potential in the correct range (Scheme 1) through addition of different volumes of co-solvent, changing the mixing procedure, or varying the stoichiometric ratio of the precursor species, which is in agreement with the previous observations by Peng et al.
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It is believed that 1D growth can occur only if the chemical potential of monomers (precursor species) in the solution is much higher than the highest chemical potential of the atoms on the surface of the nanoparticles.
23, 24 Costa et al. reported the 1D growth of HA nanowires due to the chemical potential of a (precursor) amorphous calcium phosphate (ACP) solution having signicantly greater chemical potential than that of the (001) associated facet (which is reported as possessing greater interfacial free energy than the other faces), which in turn caused migration of precursor to this face and hence growth perpendicular to it along the c-axis. 12 In the crystal structure of monetite, the lattice contains distorted Ca-PO 4 chains aligned parallel to the b-axis forming a sheet of atoms that are roughly in the (001) plane, 26 which are similar to those parallel to the c-axis in HA.
27 A preferential growth model of the calcium phosphate nanowires/nanorods along the [001] direction for monetite is in good agreement with the abnormally strong intensity of the monetite {001} associated peaks observed in the XRD patterns of these materials (Fig. 1) . This structural feature would make the {001} very sensitive to surrounding growth conditions.
In some cases the autogenous pressure and the energy input by a hydrothermal process was found to activate the reactions and induce anisotropic growth of nanorods.
28 Microwave assisted solvothermal methodology is associated with rapid and uniform increases in temperature and pressure, which has been shown to accelerate crystal growth in comparison to conventional heating. 29 In addition, microwave assisted synthesis conditions will accelerate Brownian motion, giving faster effective circulation of solute in solution.
Therefore, it can be concluded that the anisotropic growth of calcium phosphate nanowires and nanoneedles in this case (without surfactants) is governed by the intrinsic chemistry of specic faces, the local solution details, and the mode of foreign energy activation (microwave assisted solvothermal heating). Based on the controllable synthesis of calcium phosphate bres, work on lms of orientated calcium phosphate bres is underway.
Conclusions
Calcium phosphate 1D and 3D materials with varying compositions have been successfully synthesised using a rapid and facile microwave assisted method without the use of any surfactants. Calcium phosphate materials were morphologically controlled by changing the relative quantities of EtOH used as a co-solvent. Nanowire calcium phosphate materials synthesised using a H 2 O/EtOH volumetric ratio of 80/20 exhibited the highest aspect ratio of ca. 54 and had a biphasic composition of HA and monetite (72.0% monetite, 28.0% HA). The aspect ratio of the nanowires/nanoneedles can also be ne tuned by either changing the Ca/P stoichiometric ratio of the reactants or by changing the point of EtOH addition in the reactant mixing procedure. Varying the Ca/P reactant stoichiometry to a higher value of 1.67 appeared to increase the relative quantity of HA (up to 91.5%) in these 1D biphasic calcium phosphate materials, implying that the composition of the nanowires/nanoneedles can be controlled using this variable. Therefore, this approach could enable the production of morphology and compositionally controlled calcium phosphate 1D and 3D materials, with the potential for tuneable mechanical and degradation properties when used in composite materials for bone tissue engineering.
